Abstract: Among the plant hormones jasmonic acid and related derivatives are known to mediate stress responses and several developmental processes. Biosynthesis, regulation, and metabolism of jasmonic acid in Arabidopsis thaliana are reviewed, including properties of mutants of jasmonate biosynthesis. The individual signalling properties of several jasmonates are described.
Introduction
Jasmonates (JAs) and their precursor, 12-oxo-phytodienoic acid (OPDA), are signals in plant stress responses and development. Upon elucidation of the biosynthetic pathway in the 1980s, reverse genetic approaches and mutant analyses, mostly with A. thaliana, revealed the regulation and individual signalling properties of OPDA, JA, and its metabolites in development and plant defence. External stimuli, such as wounding or pathogen attack, lead to an endogenous rise in OPDA and JA, followed by expression of numerous defence genes. During development, levels of JA and OPDA differ remarkably between various organs and developmental stages. How these levels of both compounds are sustained and transduced into specific responses is an important question to understand plant stress responses and JA-mediated developmental processes. Here, we review aspects of biosynthesis and metabolism of jasmonates in A. thaliana, including regulation and mutant properties. For functions of jasmonates and aspects of the jasmonate signalling network, recent reviews should be consulted (Berger, 2002; Farmer et al., 2003; Schaller et al., 2004; Howe, 2004; Pozo et al., 2004; Pauw and Memelink, 2004; Lorenzo and Solano, 2005; Wasternack, 2006) .
Jasmonate Biosynthesis -Enzymes
Jasmonic acid (JA) and its derivatives, collectively referred to as jasmonates, as well as their precursors, the octadecanoids, are lipid-derived signals originating from α-linolenic acid (18 : 3) (α-LeA) of chloroplast membranes. Therefore, JA biosynthesis is initiated by liberation of α-LeA from these membranes. Among the various gene families of A. thaliana coding for enzymes with lipid hydrolyzing activities (Dörmann, 2005) , only the following may have a role in JA biosynthesis: 1. phospholipase A 1 cleaving the acyl moiety in sn-1 position and encoded by one gene; 2. phospholipases A 2 cleaving the acyl moiety in sn-2 position, being active in many stress responses and encoded by two genes; 3. patatin-like acyl hydrolases with phospholipase and glycolipase activities, encoded by 10 genes; 4. DAD-like lipases which are involved in phospholipid and galactolipid acyl hydrolysis and encoded by 12 genes; 5. SAG (senescence-associated gene) 101-like acyl hydrolases encoded by a gene family of at least 21 members.
Although many attempts were made to identify JA-related lipases, only for a wound-induced phospholipase A 2 (Narváez-Vásquez et al., 1999 ) and a DAD1-like lipase were hints found on their role in JA biosynthesis. Clear proof was given by the phenotype of the mutant delayed anther dehiscence 1 (dad1). The dad1 mutant is affected in gene coding for a plastid-located phospholipase A 1 , which led to the gene family name. The dad1 plants exhibit only 25 % JA content compared to that of the wild type in flowers before anthesis (Ishiguro et al., 2001 ). Due to this JA deficiency and shorter filament length, the role of JA in filament elongation for proper pollination was proposed. The proteins fulfilling DAD1 function in leaves are unknown so far.
The α-LeA is the substrate of a chloroplast-located 13-lipoxygenase (13-LOX), which catalyzes oxygen insertion at carbon 13 of the carbon backbone, leading to (13S)-hydroperoxyoctadecatrienoic acid (13-HPOT) (Fig. 1) . Among the six LOX genes of A. thaliana (Feussner and Wasternack, 2002) , the 13-LOX encoded by LOX2 seems to be involved in JA biosynthesis. Transgenic approaches revealed that LOX2 is responsible for at least the wound-induced JA biosynthesis (Bell et al., 1995) . Recent proteome analysis of chloroplast stromal proteins showed that monomeric LOX2 protein is 1.5 % of the total amount of stromal proteins, thus making it among the group of abundant enzymes of the Calvin cycle (Peltier et al., 2006) . Beside the 13-LOX products which finally lead to octadecanoids and jasmonates, 9-LOX products occur and are of increasing interest in the analysis of plant pathogen interactions. In addition to the jasmonate branch of the LOX pathway, six other branches generate oxylipins (Feussner and Wasternack, 2002) . These oxylipins occur, like the fatty acids, in free and esterified form. Surprisingly, the level of esterified fatty acids and oxylipins substantially exceeds that of the corresponding free compounds in A. thaliana leaves Müller et al., 2002) . This is also true for OPDA, which occurs abundantly in esterified form in chloroplast membranes (Stelmach et al., 2001 ).
The 13-LOX product 13-HPOT is converted by an allene oxide synthase (AOS). The highly unstable AOS product rapidly decays into ketols and racemic OPDA or is enzymatically converted by an allene oxide cyclase (AOC) to cis-(+)-OPDA. The AOS contains a chloroplast target sequence and is encoded by a single copy gene in A. thaliana. Therefore, AOS is regarded as a step in the regulation of JA biosynthesis (Laudert et al., 1996; Laudert and Weiler, 1998) . As expected for a single copy gene, the aos-knockout mutant is JA-deficient, lacks wound-induced accumulation of JA and JA-responsive gene expression (Park et al., 2002) . The AOS promoter showed developmental regulation, e.g., high activity in anther filaments, early stages of carpel development and in the flower abscission zone (Kubigsteltig et al., 1999) . The AOS of A. thaliana is expressed locally and systemically upon wounding, but treatment with OPDA or JA only locally induced the AOS promoter activity (Kubigsteltig et al., 1999) .
The AOC catalyzed step is of special regulatory importance due to the establishment of the ultimate enantiomeric structure of the naturally occurring JA. Since the first cloning of an AOC from tomato , more than 58 AOC sequences have been deposited in the database and partially characterized by functional assays. The phylogenetic tree analysis for AOCs revealed small, but clearly distinct gene families for monocotyledonous and dicotyledonous plants .The number of gene family members per species might be of regulatory impact, as multiple genes indicate a possible junction of differential regulation in JA biosynthesis.
Four genes code for AOCs in A. thaliana. All of them carry a chloroplast target sequence which is functional, as revealed by immunocytological analysis (Fig. 2 D) and import studies (J. E. Froehlich, pers. communication). In fully developed leaves, AOCs occur in chloroplasts of all leaf tissues, together with AOS and LOX (Figs. 2 A -C) . The four recombinant AOCs use 18 : 3 and 16 : 3 generated substrates leading to the cyclopentenones OPDA and dinor-OPDA, respectively (C. Dorer, pers. communication). AOC1 -AOC4 are expressed locally and systemically in response to wounding, with preferential expression of AOC2 . AOC gene expression is also up-regulated upon treatment with jasmonates, octadecanoids, glucose, and sorbitol, but not in response to NaCl and salicylate. Recent analyses of transgenic lines carrying the GUS reporter gene under the control of the individual AOC promoters revealed non-redundant promoter activities during distinct stages of development (Stenzel et al., in prep.) . In roots, only promoter activities for AOC3 and AOC4 can be observed (Fig. 3) . The AOC4 promoter shows activity in the root tip throughout root development, whereas the promoter of AOC3 first shows activity in the meristematic and elongation zone 7 days after germination, and the activity shifts into the stele of the elongation zone about 14 days after germination. Interestingly, this corresponds to diminished root growth of AOC3 knockout plants (C. Delker, unpubl.) . During flower development, non-redundant, spatially and temporally different activities were found for all four AOC promoters. The sum of these promoter activities is reflected in the AOC protein pattern detected immunocytologically with an anti-AOC2 antibody which recognizes all four AOCs (Fig. 4) . Assuming a correlative link between AOC promoter activity and JA levels, JA-dependent gene expression may occur in flower organs carrying high AOC promoter activ- ity. The promoter activity of the JA-responsive THIONIN2.1 gene fits in this scenario. Its site of activity correlates with that of the AOC promoters (Vignutelli et al., 1998) . In tomato, the link between AOC and JA levels could be measured directly. In the various flower organs, abundant occurrence of AOC protein correlated with elevated levels of JA and OPDA .
The second half of JA biosynthesis takes place in peroxisomes ( Fig. 1) . So far, it is not known whether the AOC product OPDA or its CoA ester is transported from the chloroplast to the peroxisomes. The ABC transporter COMATOSE (CTS), also known as PXA1, may transport OPDA or its CoA ester, since the cts mutant is JA-deficient (Theodoulou et al., 2005) . However, due to residual formation of JA in the cts mutant, the CTS function might be bypassed, possibly by ion trapping of OPDA H (Theodoulou et al., 2005) . The conversion of OPDA, a cyclopentenone, to cyclopentanones is catalyzed by the OPDA reductase (OPR) encoded by a small gene family in A. thaliana. However, only the OPR3 carries a peroxisomal target sequence and acts specifically with cis-(+)-OPDA Strassner et al., 2002) . The mutants opr3 and dde1 (delayed dehiscence1), both affected in the OPR3 gene (Sanders et al., 2000; Stintzi and Browse, 2000) , are JA-deficient and thus support this specificity. OPR1 and OPR2 cannot substitute the OPR3 function. Consequently, mutants impaired in OPR3 function are JA-deficient (Stintzi and Browse, 2000; Stintzi et al., 2001; .
In the final steps of JA biosynthesis, the carboxylic acid side chain is shortened in three rounds of β-oxidation. Feeding experiments in tomato with compounds carrying different lengths of the carboxylic acid side chains revealed that only even numbered OPC derivatives were converted to JA, suggesting β-oxidative steps . In accordance, derivatives with an O or S altered carboxylic side chain were not converted to JA (Blechert et al., 1995) . Several lines of genetic evidence have revealed recently that fatty acid β-oxidation enzymes are active in JA biosynthesis. These steps are catalyzed by an acyl-CoA synthase, an acyl-CoA oxidase (ACX), a multifunctional protein MFP, and a L-3-ketoacyl-CoA thiolase (KAT) (Fig. 1) . In Arabidopsis, ACX1 and KAT2 expression is up-regulated upon wounding and antisense expression of ACX1 and KAT2 led to JA deficiency upon wounding, indicating involvement of β-oxidation in JA biosynthesis (Castillo et al., 2004) . Several mutants affected in ACX genes exhibit reduced fatty acid acyl-CoA oxidase activity and enhanced resistance to the endogenous auxin analogue indole-3-butyric acid (IBA) due to the role of fatty acid acyl-CoA oxidase in IBA formation (Adham et al., 2005) . Consequently, mutants affected in the ACX gene may have JA deficiency upon wounding due to the involvement of ACX and a β-oxidative step in JA biosynthesis. A comparable effect is seen in the aim1 mutant affected in one of the two MFP genes of A. thaliana (Richmond and Bleecker, 1999) . Indeed, aim1 mutant plants lack woundinduced accumulation of JA and show reduced expression of JA-responsive genes encoding vegetative storage proteins (VSPs) (C. Delker, unpubl.) . (Feussner, unpublished) . The anti-AOC antibody was raised against recombinant AOC2 and exhibited weak cross-reactivity to AOC1, AOC3, and AOC4 (Stenzel et al., 2003b) Another class of enzymes may also function in JA biosynthesis. One of the 4-coumarate: CoA ligase-like enzymes of A. thaliana can activate in vitro OPDA to the CoA ester and is located in peroxisomes (Schneider et al., 2005) . Thus, two different scenarios may function in the final steps of JA biosynthesis: 1. OPDA transported into peroxisomes by ion trapping (Theodoulou et al., 2005) , may be directly reduced by OPR3 or activated by a 4-Cl-like enzyme (Schneider et al., 2005) and subsequently reduced and β-oxidized by OPR3, ACX1, MFP, and KAT.
2. The ABC transporter CTS/PXA1 located in the peroxisomal membrane may catalyze import of OPDA or its CoA ester, which are further converted by OPR3, ACX1, MFP, and KAT2 (Fig. 1) . In the case of CoA ester transport, the 4-CL-like enzyme activity would be redundant to an acyl CoA-ligase.
Jasmonate Biosynthesis -Regulation
Several lines of evidence indicate that three different mechanisms are involved in the regulation of JA biosynthesis of A. thaliana. (i) Substrate availability: Transgenic plants over-expressing AOS constitutively did not show elevated levels of JA, but generate more JA than the wild type upon wounding (Laudert et al., 2000; Park et al., 2002) . Furthermore, in the fully developed Arabidopsis leaf LOX, AOS, and AOC proteins occur abundantly, but JA and OPDA are formed only upon external stimuli such as wounding (Laudert et al., 1998; Stintzi et al., 2001 ). This transient rise in JA takes place before transcript accumulation of JA biosynthetic genes.
(ii) Positive feedback: Treatment of A. thaliana leaves with JA activates expression of all JA biosynthetic genes (Reymond et al., 2000; Castillo et al., 2004) . Furthermore, mutants having elevated levels of JA exhibit increased AOC protein levels, whereas JA-deficient mutants such as opr3 contain less AOC protein than the wild type (Stenzel et al., 2003 b, and unpublished data) . (iii) Tissue specificity: The distinct AOS promoter activities (Kubigsteltig et al., 1999) and the non-redundant promoter activities of AOC1 -AOC4 (Stenzel et al., in prep.) strongly suggest regulation of JA biosynthesis by tissue specificity. Possibly, the combined activity of the single copy gene AOS with the differential activity of the four AOC genes allows a spatially and temporally distinct generation of JA during development in Arabidopsis.
Metabolism of Jasmonic Acid
JA is not the only cyclopentanone compound occurring in plants. Although its accumulation is taken as a first indicator for its role in any JA-dependent process analyzed, at least six metabolic conversions of JA can take place (Fig. 5) . This raises the question whether JA or its metabolites exhibit separate biological activity. 1. Methylation by a JA-specific methyl transferase (Seo et al., 2001 ): This reaction seems to sustain, together with unspecific esterases (Stuhlfelder et al., 2004) , the ratio of JA and its methyl ester. Usually, plant tissues including those from A. thaliana, contain much more JA than its methyl ester Miersch, unpublished data) . Constitutive over-expression of the JA-specific methyl transferase led to a higher amount of the methyl ester, an unchanged JA level, and increased pathogen resistance, indicating that the methyl ester can be an active form of JA under specific conditions (Seo et al., 2001 ). 2. Decarboxylation to cis-jasmone (Koch et al., 1997) : The accumulation of cis-jasmone increased resistance to insects (Birkett et al., 2000) . Cis-jasmone may induce emission of volatiles which affect aphid repulsion and attraction of aphid antagonists. 3. Reduction of the keto group of the cyclopentanone ring:
Although not studied in detail, this reaction is indicated by the occurrence of cucurbic acid and its derivatives in various plant species (Sembdner and Parthier, 1993) . 4. Adenylation at the carboxylic acid side chain by an AMP transferase (Staswick et al., 2002) and subsequent conjugation to an amino acid by JAR1 (Staswick and Tiryaki, 2004) : JAR1 is a member of a large gene family coding for enzymes which activate any substrate carrying a carboxylic acid group by adenylation. Among them are also 4-Cl-like ligases (Schneider et al., 2005) and the auxin conjugate synthase (Staswick et al., 2005) . JAR1 was identified via the JA-insensitive jar1 mutant (Staswick et al., 1992) . This indicates that conjugation of JA is essential, at least partially, for JA responses. JA adenylated by JAR1 is conjugated by this enzyme preferentially to isoleucine (Staswick and Tiryaki, 2004) , which corresponds to the preferential occurrence of JA-Ile in different plant species . JA-Ile hydrolyzing enzyme activity has been found (Hertel et al., 1997) . Although this enzyme has not been cloned so far, hydrolysis and conjugation may sustain JA/JA-Ile homeostasis. This scenario has been shown for auxins, where auxin conjugate synthase (Staswick et al., 2005) counteracts various auxin conjugate hydrolases (Rampey et al., 2004) . 5. Hydroxylation at C11 or C12 of the pentenyl side chain and subsequent O-glucosylation (Swiatek et al., 2004) or sulfation (Gidda et al., 2003) : Hydroxylated JA and its O-glucoside were initially found only in solanaceous species and were called tuberonic acid due to the tuber inducing properties (Yoshihara et al., 1989; Helder et al., 1993) . Interestingly, A. thaliana and many other species contain 12-OH-JA and its sulfated derivative (Gidda et al., 2003; Miersch, in prep.) . Sulfation takes place by one of the 18 sulfotransferases occurring in A. thaliana and may represent an inactivation mechanism (Gidda et al., 2003) . 12-OH-JA does not induce all JA-responsive genes (Gidda et al., 2003; , suggesting at least partial inactivation of JA signalling by formation of 12-OH-JA. 6. Formation of jasmonoyl-1-β-glucose, jasmonoyl-1-β-gentiobiose, and hydroxyjasmonoyl-1-β-glucose (Swiatek et al., 2004) : These compounds have been identified in tobacco BY2 suspension cultures, and in contrast to JA, they did not inhibit the G2 phase of the cell cycle (Swiatek et al., 2002; Swiatek et al., 2004 ). It will be interesting to see whether A. thaliana plants contain glucosylated JA compounds.
Initially, the term "oxylipin signature" was proposed for the occurrence of distinct metabolite profiles of oxylipins. Since OPDA and JA were found to have individual signalling properties (Stintzi et al., 2001) , other jasmonates such as 12-OH-JA and JA-Ile were also found to have separate signalling properties. It will be interesting to see whether the jasmonate/oxylipin profiles sustained by the various metabolic routes are functionally active in distinct signalling pathways.
Mutants in Biosynthesis and Signalling of Jasmonates
An essential tool in studying JA biosynthesis, its regulation and its signalling is the isolation and characterization of mutants. First screens were based on root growth inhibition, a wellknown effect of JA, and the diminished sensitivity to the molecular mimic of JA, coronatine. In this way, the JA-insensitive mutants jar1, coi1, and jin1, which is allelic to jin4, were identified (Staswick et al., 1992; Feys et al., 1994; Berger et al., 1996) ( Table 1) . Another group of signalling mutants was isolated by using plants transgenic for a reporter gene under the control of JA-responsive promoters. In this way, the joe1 and joe2 mutants were found using the LOX promoter (Jensen et al., 2002) , the cev1 mutant, using the promoter of genes coding for VSPs (Ellis et al., 2001) , the cet mutants, using the THIONIN2.1 promoter (Hilpert et al., 2001) , and the cas1 mutant, with the AOS promoter (Kubigsteltig et al., 1999) . These mutants exhibit constitutive or increased expression of the JA-responsive gene used for screening. Finally, transposon insertion mutants and EMS mutants affected in JA biosynthesis were isolated using a characteristic phenotype, male sterility, which could be normalized by JA treatment. Male sterility is a common phenotype of mutants affected in a gene encoding an enzyme of JA biosynthesis. Among them were dad1 (Ishiguro et al., 2001 ), fad3-2fad7-2fad8 (McConn and Browse, 1996 ), dde2-2 (von Malek et al., 2002 , dde1 (Sanders et al., 2000) , and opr3 (Stintzi and Browse, 2000) .
In the case of the triple mutant (fad3-2fad7-2fad8), the final step in the formation of α-LeA, the substrate of JA biosynthesis, is affected. Due to the occurrence of only α-LeA in the tapetum of anthers, α-LeA deficiency leads to JA deficiency, which may affect correct pollen development and dehiscence (McConn and Browse, 1996) . The triple mutant and the opr3 mutant exhibit three common phenotypes: (i) insufficient filament elongation which does not allow pollination at anthesis and is reminiscent of the dad1 phenotype (see above), (ii) unviable pollen grains, and (iii) lack of dehiscence of the anther locules during flower opening (McConn and Browse, 1996; Stintzi and Browse, 2000) . The triple mutant can be restored by OPDA and JA, whereas the opr3 is restored by JA but not by OPDA. This indicates that anther development and pollen maturation is absolutely JA-dependent and cannot be substituted by its precursor OPDA.
Different signalling properties for JA and OPDA were also identified by different responses of wild type and opr3 mutant plants to various pathogens. The opr3 mutant has been shown to exhibit survival resistance to necrotrophic pathogens and saprophagous insects (Stintzi et al., 2001) . A recent large-scale array analysis with JA-forming wild type and OPDA-forming opr3 mutant plants revealed distinct sets of genes for both plants expressed in response to wounding or pathogen attack (Stintzi et al., 2001; Taki et al., 2005) .
In contrast to dad1, fad3-2fad7-2fad8, dde1, dde2-2, and opr3, which are male sterile, other mutants affected in JA biosynthesis such as cts/pxa1 are JA-deficient but not male sterile. Obviously, the residual JA formation in these mutants (see above) is sufficient for anther development and pollen maturation. Individual signalling properties for JA and OPDA were identified with the opr3 mutant, and the jar1 mutant indicated separate signalling properties for JA and JA-Ile. JAR1 plants are fertile, although these plants are JA-insensitive (Staswick et al., 1992) . Furthermore, several JA-dependent responses, such as resistance to the soil fungus Pythium irregulare (Staswick et al., 1998) or limited damage from ozone exposure (Overmyer et al., 2003) , are affected in jar1 plants, indicating at least partial differences in JA and JA-Ile signal transduction (Staswick and Tiryaki, 2004) .
Beside the mutants affected in genes encoding enzymes of JA biosynthesis or JA metabolism, there are mutants altered in JA responses. The most prominent member is the JA-insensitive mutant coi1 (Feys et al., 1994) . Others are cet1-9, cev, and cas1, which exhibit constitutive JA responses. Although identified by screens on JA sensitivity, these mutants are altered in the capacity to form JA. The cas1 mutant, affected in a so far unknown upstream element, which regulates the AOS promoter activity, exhibits constitutive elevated levels of OPDA and JA (Kubigsteltig and Weiler, 2003) . The cet1-cet9 mutants show constitutive expression of THIONINS and elevated levels of JA and OPDA (Hilpert et al., 2001 ). The cev1 mutant, defective in CELLULOSE SYNTHASE3, one of the 10 genes encoding subunits of the cellulose synthase of A. thaliana, also has elevated levels of JA and OPDA and constitutive JA responses, such as expression of VSPs (Ellis and Turner, 2001; Ellis et al., 2002) . Altered capacity to form JA in all these mutants seems to be caused, at least partially, by a defect in the positive feedback regulation of JA biosynthesis. In the case of coi1, JA insensitivity may lead to lower expression of JA biosynthetic genes, since all of them are JA-responsive (Reymond et al., 2000; . Indeed, coi1 plants are JA-deficient and exhibit less AOC protein (C. Delker, unpubl. data) . In cev and cet mutant plants, constitutively elevated levels of JA correlate with abun-dant occurrence of AOC protein (I. Stenzel, unpubl. data) . Altered JA biosynthetic capacity was also found for the JA signalling mutant jin1 (Nickstadt et al., 2004) . JIN1 codes for the transcription factor MYC2, which differentially regulates two branches in the JA signalling pathway (Lorenzo et al., 2004) .
The increasing number of mutants affected in JA biosynthesis, regulation, and signalling will facilitate analyses of JA-regulated gene expression and the various JA-dependent processes in plant development and in response to biotic and abiotic stress. A central element is already known with COI1, an F-box protein (Xie et al., 1998) . Its putative role in proteolytic degradation via the proteasome of any negative or positive regulatory protein is being intensively studied Lorenzo and Solano, 2005) . More recently, other JA signalling mutants, such as jai4 and axr1, were also found to be affected in proteasome activity ( (van der Fits and Memelink, 2001) , and AtMYC2, a nuclear-located basic helix-loop-helix-leucine zipper transcription factor which is rapidly up-regulated by JA (Lorenzo et al., 2004) . The antagonistic action of AtMYC2 and ERF1 (Ethylene-Response-Factor1) highlights how the plant network of different hormones is arranged to respond to different sets of stresses (Lorenzo and Solano, 2005) . Future work will focus on this cross-talk between JA signalling and other signalling pathways and on JA perception. 
